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[57) ABSTRACT

The method comprises measuring the voltage induced
during the driving pulse in the coil by rotation of the
rotor, and interrupting the drive pulse in dependence on
the measurement made.

[56]

The device for carrying out this method comprises a
circuit for measuring the induced voltage, a circuit for
comparison with a reference value and a circuit for
calculating the duration of the drive pulse. |

6 Claims, 18 Drawing Figures
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METHOD FOR REDUCING THE CONSUMPTION
OF A STEPPING MOTOR AND DEVICE FOR
CARRYING OUT THE METHOD

This application 1s a continuation of Ser. No. 345,952,

filed Feb. 4, 1982, and now U.S. Pat. No. 4,446,413.

BACKGROUND OF THE INVENTION

The present invention relates to a method for reduc-
ing the consumption of a stepping motor by automati-
cally adapting the duration of each driving pulse sup-
plied thereto to the load which is to be driven by the
motor in response to said driving pulse.

The present invention also relates to a device for
carrying out the method.

Stepping motors are used in many devices in which a
mechanical member is to be moved by a given amount
in response to an electrical signal. They are used in
particular in electronic timepieces in which the time
display hands must be moved by a given distance in
response to pulses of a highly precise period, which are
supplied by a time base.

In such timepieces, the major part of the power sup-
plied by the electrical power source, which is generally
a battery, 1s consumed by the stepping motor. As the
space available In timepieces i1s greatly restricted, it is
important for the level of consumption of the motor to
be limited as far as possible, in order to increase the
service life of the battery or, for a given service life, to
be able to reduce the space occupied thereby.

In most of the present-day timepieces, the duration of
the driving pulses which are supplied to the motor at
regular intervals is constant. The duration of the driving
pulses 1s so selected as to ensure proper operation of the
motor even under the worst conditions, that is to say,
with a low battery voltage, while driving the calendar
mechanism, when subjected to shocks or in the pres-
ence of an external magnetic field, etc. As such poor
conditions occur only rarely, the motor is over-pow-
ered 1n most cases.

It 1s possibie to substantially reduce the power con-
sumption of the motor by adapting the power supplied
by the driving pulses to the instantaneous load to be
driven by the motor and to the supply voltage.

One solution to this problem comprises providing a
pulse shaping circuit capable of producing pulses of
different durations and a device for detecting rotation
or non-rotation of the motor. The duration of the driv-
ing pulses applied to the motor is progressively reduced
until the device detects that a step has not been per-
formed. A catch-up pulse is then applied to the motor
and the energy of the normal driving pulses is fixed at a
higher value which is maintained for a certain period of
time. If the motor has rotated normally during that
period, the duration of the pulses is again reduced. Such
a design does not provide for the driving pulses to be
permanently and rapidly adapted to the load on the
motor. In addition, this slow adaptation procedure and
the production of catch-up pulses when the motor does
not perform a stepping movement mean that the power
consumption is higher than necessary.

In order to overcome this disadvantage, it is known
to provide devices which adapt the duration of each
driving pulse to the load to be entrained by the motor in

response to the driving pulse.
U.S. Pat. No. 3,500,103 describes a device for detect-
ing the movement of the movable member of the motor
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by way of the voltage induced in a detection coil which
1s separate from the drive coil, and which interrupts the
driving pulse when the movable member reaches either
a given position or a given speed.

U.S. Pat.No. 3,855,781 proposes solutions according
to which the position of the rotor is detected by measur-
ing the voltage induced in an auxiliary coil or caused by
the deformation of a piezoelectric element under the
action of the teeth of one of the wheels of the wheel-
train which is driven by the motor. That voltage is used
to interrupt the driving puise.

The device described in the two patents referred to
above require additional elements for operation thereof,
which makes them expensive and complicated to use.

French Pat. No. 2 200 675 proposes detecting the
variation in current in the actuating coil of the motor
and interrupting the driving pulse when the current
passes through a minimum. The limits of this detection
operation are imposed by the form of the current which
depends on the time constant of the circuit, the counter-
electromotive force induced, and the load on the motor.
In some cases, the current minimum may disappear,
which renders the control device inoperative.

In addition, U.S. Pat. No. 4,114,364 describes a cir-
cuit for controlling the duration of the driving pulses in
dependence on the load on the motor, which comprises .
means for detecting the current in the actuating coil and
means for interrupting the pulse when that current
reaches a value equal to the ratio between the supply
voltage of the coil and its d.c. resistance, that is to say,
when the rotor has concluded its stepping motion. Also
provided 1s the possibility of interrupting the pulse be-
fore the current has reached that value.

All the above-described devices use measurement of
a physical parameter such as the speed or position of the
rotor or such as the current flowing in the coil. The
measurement made 1s used directly or by comparison
with a reference value, to control interrupting the driv-
ing pulse. Now, none of the above-mentioned physical
parameters gives an absolute indication as to the precise
moment at which the driving pulse is to be interrupted
in order for the power consumption of the motor really
to be at a minimum. All these devices therefore cause
the driving pulse to be interrupted at an arbitrarily se-

lected moment which is generally not the optimum

moment. In practice, these devices must take account of
safety factors such that, most of the time, the motor
consumes t0o0 much energy or does not operate safely.

 SUMMARY OF THE INVENTION

This disadvantage is overcome by the method ac-
cording to the invention which comprises the steps of
measuring the voltage induced in the coil of the motor
by the movement of the rotor, and interrupting the
driving pulse in dependence on said measurement of the
induced voltage.

The voltage induced in the coil by movement of the
rotor 1s closely linked to the mechanical power pro-
duced by the motor, by the relationship:

[ Upi-dt= [ C-wdt

which U, in this induced voltage, i is the current flow-
ing in the coil, C is the torque produced by the motor
and w 1s the angular speed of the rotor.

The second term of the foregoing equation represents
the total mechanical power produced by the motor
during one of its steps, and the first term represents the
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electrical energy which is converted into the mechani-
cal energy by the motor.

The above-indicated relationship shows that the volt-
age U, induced in the coil by rotation of the rotor is
directly linked to the mechanical power produced by
the motor. The current i which is also involved in that
relationship and all the other physical parameters which
can be measured on a motor during its rotation also
depend on factors which are not linked to the mechani-
cal power mentioned above, such as the voltage of the
power source and the ohmic resistance of the coil. This
means that measuring the induced voltage U, consti-
tutes the most appropriate method for accurately and
safely determining the optimum moment for interrupt-
ing the driving pulse.

It should be noted that the voltage induced in the coil
by movement of the rotor is only a part of the total
voltage induced, which is referred to in French Pat. No.
2 200 675 and the maximum of which coincides with the
minimum of the current flowing in the coil, when that
minimum exists. The other part of the total voltage
induced is formed by the self-induction voltage gener-
ated in the coil by the variations in the current flowing
therein.

As the above-mentioned self-induction voltage 1s not
directly linked to the power supplied by the motor, the
total voltage induced does not constitute a surtable pa-
rameter for determining the optimum moment for inter-

rupting the driving pulse. Added to that is the above-
- mentioned fact that the current in the coil does not
- always have a minimum. In addition, when that mini-
~mum is present, it is not sufficiently clearly marked for
it to be detected accurately.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in greater detail
with reference to the accompanying drawing in which:
- “FIG. 1 shows the equivalent diagram of a stepping

“motor;

- FIG. 2a shows the variation in the current in the coil
of the motor under two motor load situations;

FIG. 2b shows the variation in the voltage induced in
the coil by rotation of the rotor under the same load
conditions;

FIG. 3 shows the variation in the duration of the
minimum driving pulse and the time taken by the in-
duced voltage to reach a given threshold, depending on
the load driven by the motor;

FIG. 4 is a block circuit diagram of an embodiment of
the device according to the invention;

FIG. 5 illustrates the mode of operation of the device

of FIG. 4;
FIG. 6 is a circuit diagram of a first embodiment of a

circuit for measuring the voltage induced in the coil by
rotation of the rotor;

FIG. 7 shows the principle of operation of the circuit
of FIG. 6; |

FIGS. 8a-8¢ show the mode of operation of the cir-

cuit of FI1G. 6;
FIG. 9 is a circuit diagram of a second embodiment of
a circuit for measuring the voltage induced in the coil

by rotation of the rotor;
FIG. 10 illustrates the mode of operation of the cir-

cuit of FIG. 9;
FIG. 11 is a diagram of a third embodiment of a cir-

cuit for measuring the voltage induced in the coil by
rotation of the rotor;
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FIG. 12 is a diagram of a first embodiment of a circuit
for using measurement of the voltage induced in the coil
by rotation of the rotor to interrupt the driving pulse;

FIG. 13 illustrates the mode of operation of the cir-
cuit of FIG. 12;

FIG. 14 is a diagram of a second embodiment of a
circuit using measurement of the voltage induced in the
coil by rotation of the rotor to interrupt the driving
pulse; and

FIG. 15 illustrates the mode of operation of the cir-
cuit of FIG. 14.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows the equivalent diagram of a stepping
motor. The coil of the motor is represented by a coil 1
with an inductance L and a resistance of zero, and a
resistor 2 whose resistance R is equal to the resistance of
the motor coil. The source of voltage induced 1n the coil
by rotation of the rotor is diagrammatically indicated by
a voltage source 3. The value of the induced voltage is
designated U,.

Curves 4 and 5 in FIG. 24, which are well known,
illustrate the variation in the current 1 in the coil of the
motor in dependence on time during the driving pulse in
situations where the load driven by the motor 1s low and
high respectively.

Curves 6 and 7 in FIG. 2b illustrate, under the same
load conditions, the variation in the voltage U, as mea-
sured by a device which will be described hereinafter.

Curves 4 and § show that, just after the moment TO at
which the driving pulse is initiated, the current 1n the
coil increases in accordance with an exponential law,
with a time constant equal to L/R, irrespective of the
load to be driven by the motor. The rotor is still station-
ary and the voltage U, is zero (FIG. 2b).

The rotor begins to rotate at moment t1. The source
3 begins to supply the voltage U,induced by rotation of
the rotor, and the current i in the coil therefore ceases to
be subject to an exponential variation. It follows a curve
which depends on the load driven by the motor, curves
4 and 5 being two examples thereof. The voltage U,
follows a curve which also depends on the load driven
by the motor. Curve 6 in FIG. 2b corresponds to curve
4 in FIG. 24 while curve 7 corresponds to curve 3.

Irrespective of the load driven by the motor, the
voltage U, passes through a maximum before passing
through zero at the moment at which the rotor passes
through the position that 1s would finally assume after a
few oscillations, if the driving pulse would not be inter-
rupted.

The voltage U, then oscillates about zero until the
rotor stops.

There are several possible ways of making use of the
information supplied by measuring the voltage U,. Like
the other physical parameters which can be measured
on the motor, that voltage U,does not have a particular
point which coincides precisely with the moment at
which the driving pulse is to be interrupied in order to
have minimum motor consumption.

However, measurements have shown that, irrespec-
tive of the kind of information which is extracted from
the measurement of that voltage U,, that information is
very directly linked to the optimum duration of the
driving pulse. The law linking that information and that
duration is always a simple law which permits the infor-
mation extracted from measurement of the voitage U,to
be easily put to use.
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Among the information which can be extracted from
measurement of the voltage U,, mention may be made
of the position in time or of the amplitude of the maxi-
mum of the above-mentioned voltage U,, the time taken
by that voltage to reach a certain threshold on its rising
edge or its falling edge, the derivative or the integral
thereof, etc. Tests have shown that the information
given by the time taken by the volitage U, to reach a
certain threshold is easier to extract from measurement
of the voltage U, and to put to use for determining the
optimum duration of the driving pulse.

FIG. 3 illustrates the variation in the minimum dura-
tion T1 of the driving pulse required to rotate a motor
in dependence on the torque C that the motor is to
produce. That variation 1s substantially linear and has a

fairly low degree of dispersion for a given type of mo-
tor. It can be expressed by the following relationship:

I1=701+4a-C

in which TO01 is the minimum duration of the driving
pulse for a zero load and a is the slope of the straight
line.

The variation in the time T2 taken by the voltage U,
to reach a given threshold Us;is also shown in FIG. 3. It
1s also substantially linear and may be expressed by the
following relationship:

12=702456.C

in which TO02 is the time taken by the voltage U, to
reach the threshold voltage U in the absence of load
and b is the slope of the straight line.

It is interesting to note that, in a fairly wide range of
values in respect of the threshold voltage Us, the rela-
tionship between T2 and C remains linear. The terms
T02 and b obviously depend on the threshold voltage
U; selected.

The relationship between the times T1 and
linear and is given by the equation:

iml)
o

In that equation, the terms a, b, T01 and T02 are

T2 1s also

n=%(n~m2+

constants for a given type of motor and for a given
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of an electronic watch, and it can be so arranged as to
supply other periodic signals at various frequencies.
Those signals will be described hereinafter.

In response to the signal S8, the control circuit 9
supplies the driving pulse I to the motor 10. When the
motor 10 is a stepping motor such as is generally used in
watches, correct polarity of the driving pulse I is also
determined by the circuit 9.

A measuring circuit 11 is connected to the motor 10.
It 1s so arranged, in a manner in respect of which exam-
ples will be set out hereinafter, as to supply a voltage
U, proportional to the voltage U,induced in the coil of
the motor by rotation of the rotor.

The measured voltage U, is applied to a detector
circuit 12 which supplies a signal S12 at the moment
that the voltage U,, exceeds a suitably selected refer-
ence voltage Uy'.

A calculating circuit 13, embodiments of which will
be described by way of example hereinafter, supplies a
signal S13 a certain time after having received the signal
S12. The moment at which the signal S13 is supplied
depends on the time which has elasped between the
beginning of the driving pulse and the advent of the
signal S12, and on the value of the two constants k and
K which are also supplied in a suitable form to the
calculating circuit 13. The signal S13 is used by the
control circuit 9 to interrupt the drive pulse I.

FIG. 6 shows the basic diagram of an example of the
circuit 11 for measuring the voltage U,. Like the other
circuits which will be described hereinafter, the circuit
11 1s supplied by a voltage source (not shown). The

~ voltage source supplies a positive voltage + U, and a

35

40

threshold voltage U;. It can therefore be written as |

follows:

TI=kT2+K) (1)

with
k=(a/b) and K=(b/a)T01— T02

The terms k and K can be easily calculated from
measuring the times T01 and T02 and the times T1 and
T2 for a known load. Once they have been determined,
for a particular type of motor, they can be used in the
circuit for controlling that type of motor. FIG. 4 shows
the basic circuit diagram of such a circuit. FIG. 5 shows
the variation in the signal at some points in FIG. 4.

In FIG. 4, reference numeral 8 denotes a circuit the

50

39

output of which supplies a signal S8 to a control circuit

9 each time when the motor 10 is to advance by one
step.

65

By way of non-limiting example, the circuit 8 may

comprise the oscillator and the frequency divider chain

negative voltage —U, with respect to a middle point
which 1s connected to the ground of the circuit. The
voltage — U, 1s intended in particular to feed the differ-
ential amplifiers used in those circuits.

FIG. 6 shows the motor 10 connected in conven-
tional manner in a bridge circuit comprising four MOS
transistors 14,15,16 and 17, forming part of the control
circuit 9 in FIG. 4. The transistors 14 and 15 which are
of p type have their sources connected to the positive
terminal + U, of the power source (not shown). The

" transistors 16 and 17 which are of n type have their
45.

source connected to the ground of the circuit, by way of
a low-resistance measuring resistor 18 forming part of
the measuring circuit 11 in FIG. 4. The drains of the
transistors 14 and 16 are connected to one of the termi-
nals of the motor 10 and the drains of the transistors 15
and 17 to the other.

The gates of the four transistors 14 to 17 are con-
nected to a logic circuit (not shown in FIG. 6) which
produces the logic signals required for controlling those
transistors. An example of the logic circuit will be de-
scribed below.

The measuring circuit 11 comprises an amplifier 20,
the input of which is connected to the point 19 which is
common to the sources of the transistors 16 and 17 and
to the resistor 18. The gain of the amplifier 20 is so
selected that its output voltage U20 is equal to the sup-
ply voltage +U,; when the current i flowing in the

motor coil is equal to Uy/R.

The output of the amplifier 20 is connected to the
input of a transmission gate 21 and to the inverting input
of a differential amplifier 22. The gate 21 is controlled
by a logic signal 21C which is produced for example by

the circuit 8 in FIG. 4 and which will be described
hereinafter.
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The output of the gate 21 is connected to the junction
point 23 of a resistor 24 having a value R24 and a capac-
itor 25 having a capacitance C28. The point 23 1s also
connected by way of an amplifier 26 to the non-invert-
ing input of the differential amplifier 22.

The sole purpose of the amplifier 26 is to avoid load-
ing the R-C circuit 24-25 by the input of the amplifier
22. The gain of the amplifier 26 1s one.

The circuit formed by the resistor 24 and the capaci-
tor 25 is connected between the terminal 4+ U, of the
power supply source and ground. The value R24 of the
resistor 24 and the capacitance C2§ of the capacitor 25
are so selected that:

R24.C25=(L/R)

in which L and R are the inductance and the resistance
of the motor coil, as referred to above.

When the signal 21C is at logic state “0”, the gate 21
is non-conducting. The voltage at the point 23 therefore
varies exponentially towards its asymptotic value which
is equal to the supply voltage + U, with the same time
constant 7=R24-C25 as the current which would flow
in the coil of the motor if the rotor were blocked, that
is to say, if the voltage U, were zero.

When the signal 21C is at logic state “1”, the gate 21
is conducting and the voltage at point 23 is equal to the
output voltage of the amplifier 20.

FI1G. 7 shows the principle of operation of that cir-
 cuit. In FIG. 7, curve 27 represents the variation in the
~ output voltage U20 of the amplifier 20, during a driving

~ pulse. The curve 27 is therefore an image of the current

i flowing in the coil of the motor 10 during a driving
pulse.

As long as the gate 21 is conducting the voltage U23
at point 23 foliows the same curve 27. The output volt-
age U22 of the differential amplifier 22 therefore re-
mains at zero. If, at any moment ty, the gate 21 becomes
- non-conducting, the voltage U20 continues to follow
. the curve 27. On the other hand, the voltage U23 begins

~ to follow the curve 28 which is the exponential curve
~ passing through point X, with a time constant
T=R24-C25 and an asymptotic value equal to -+ Ua.
The curve 28 1s precisely the same as that which would
be followed by the voltage U20 if, at moment tyx, the
rotor were abruptly stopped, which would make the
voltage U, equal to zero. It 1s therefore an image of the
current i’ which, under those conditions, would flow in
the coil of the motor.

As the voltage U20 and U23 are applied to the invert-
ing and direct inputs of the differential amplifier 22, the
output voltage U22 of the amplifier 1s therefore U23
—U20.

It will be shown hereinafter that, during a short mo-
ment after the gate 21 has become non-conducting, the
voltage U22=U23— U20 1s proportional to the voltage
U,x, that is to say, to the value of the voltage induced in
the coil of the motor by rotation of the rotor at the
moment ty.

The voltage U20 is proportional to the current 1 flow-
ing in the coil during a driving pulse. Generally, that
current 1 can be expressed by the following relationship:

di
L4

U, — U, — (2)

i(t)

—
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which is readily deduced from the circuit shown in
FIG. 1 when the voltage + U,1s applied to the motor by
its control circuit (not shown in FIG. 1).

At each point on the curve 27, the slope thereof is
given by the following equation which is readily de-
duced from eqguation (2):

di

Ceniple

dt

Uy — U~ R.i
L

At point X, the slope is given by:

i. _UH—UH—R'fx
dt |t =1, L

in which U,y and iy are respectively the values of U,and
1 at point X.

The tangent 29 to the curve 27 at the point X there-
fore has the following equation:

Ug— U — R < iy (3)

T -t 4 Cl1

'ty =

in which C1 is an integration constant which can be
calculated, taking account of the following condition:

I"=fx for =1y

With all calculations performed, the equation of the
tangent 29 becomes:

| . Uz — Up— R-ix
IO =kt
At point Y, at which t=¢y, we have:

Ug— U — R ix (4)

L (Iy """ fx)

f_}" — fx +

It has been seen above that if, at moment t,, the rotor
were abruptly stopped, which would make the voltage
U, equal to zero, the current i flowing in the coil, after
that moment tx, would follow an exponential curve of

which the curve 28 is an image.
In this case, equation (2) above would become:

(5)

The same lines of reasoning as set out above show that
the ordinate 1"’y of the point Z disposed at =ty on the

tangent 30 to the exponential curve 28 is equal to:
Us—R-i (6)
iy = iy + = (A2)

in WhiCh At=ry"‘"txa
By substracting above equation (4) from equation (6),
we have:

v (7)
Ly

rx

7 (8)

g _

or
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-continued

= F

i’ —
UH:L'LﬁF‘L

It will be seen therefore that, at each point X on the 3
curve 27, the voltage U, induced in the coil by rotation
of the rotor is proportional to the segment Y—2Z, for a
given measuring time Af=#,—1x.

In particular, for At=7, U, is equal to the length of
the segment Z’'—Y' in FIG. 7 in which Y’ and Z’ are the 10
points of the tangents 29 and 30 which are located at the
abscissa (tx+7). The ordinate of the point Z' is equal to
Uz/R which is the asymptotic value of the exponential
curve 28.

If At 1s selected at a sufficiently short value, the tan- 15
gents 29 and 30 can be replaced by the curves 27 and 28.
T'he current i’ can by replaced by the current i, and the
current 1"y can be replaced by the current which would
flow in the coil at the moment ty if the induced voltage
U, were made equal to zero at the moment t,. 20

The voltage U23 being proportional to the current
which would flow in the coil after the moment t, if the
voltage induced were made zero at that moment t,, that
equation (7) set out above can be written as follows:

23
23, — 20

Upy = J + =i
in which J is a proportionality factor which depends on
the value of the resistor 18 and on the gain of the ampli- 30
fier 22, and U23y,and U20, are the values of the voltages
U23 and U20 at the moment t,.

FIGS. 82 and 8b show the mode of 0perat10n of the
circuit shown in FIG. 6 when the gate 21 is controlled
by signal 21C such as that shown in FIG. 8c. 35

In the present example, the gate 21 is conducting
when the signal 21C is at logic state “1” and non-con-
ducting when the signal 21C is at logic state “0”, The
control signal 21C is formed for example by pulses
having a period of 250 microseconds approximately 40
which are at logic state “1” during some microseconds
and at logic state “0” for the remainder of the time. The

10

which would be selected, taking into account all the
proportionality factors introduced into the circuit of
FIG. 6 by the choice of the resistor 18, of the gain of the
amplifier 20 and of the period of the control signal 21C.
The output signal of that amplifier would then be equal
to the induced voltage U,. However, such filtering and

amplification are not necessary. The voltage U22 itself

can be used directly as the measuring voltage U,, in the
circuit of FIG. 4. The voltage U’ to which the voltage
U is compared in the circuit 12 in FIG. 4 must obvi-
ously be selected, taking account of the above-men-
titoned proportionality factors.

It should be noted that the voltage U22 is indepen-
dent of the supply voltage U, since the voltage U23 and
U20 are both proportional to the voltage U,.

It has been shown above that the difference between
the currents iy and i’y is proportional to the voltage U,
induced in the coil of the motor by rotation of the rotor
at the time tx. The FIG. 7 shows that that difference can
be written as follows:

I-r ry_ Fy — I-r .ry fx : fx I-fy

In terms of voltage, that equation can be written as
follows:

Uz""‘ Uy= Uz— U_x+ Ux— Uy (8)

FI1G. 7 also shows that:

!
Uy — Us = (U — Uy) =2

Above equation (8) can therefore be written as fol-
lows:

U; — Uy = (U — U2 + U, - U, ©)

This expression shows that the voltage U, which is
proportional to (U;—U,) can be measured without mea-

_.suring the voltage U itself.
--=FIG. 9 shows the basic circuit diagram of a measur-

gate 21 therefore becomes conducting for a few micro- . .+ ==

seconds every 250 microseconds, and it is non-conduct- - +-

ing for the rest of the time. - 45
In FI1G. 84, the curve 31 again represents the voltage
U20 which 1s an image of the current i in the coil. The
sawtooth curve 32 which is superimposed thereon rep-
resents the voltage U23. Whenever the gate 21 becomes
conducting, that is to say when the signal 21C is at state 50
“1”, the voltage U23 becomes equal to the voltage U20.
When the gate 21 is non-conducting, that is to say when
the signal 21C is at state “0”, the voltage U23 varies in
accordance with a curve such as the exponential curve
28 shown in FIG. 7. 55
The sawtooth curve 33 in FIG. 85 shows, on a differ-
ent scale from that shown in FIG. 8¢, the output voltage
U22 of the differential amplifier 22. The voltage U22 is
equal to zero whenever the gate 21 is conducting and it
1s equal to the difference between the voltages U23 and 60
U20 when the gate 21 is non-conducting. As the periods
of time during which the gate 21 is non-conducting are
equal to each other, the curve 34 which is the envelope
of the curve 33 is an image of the voltage U,induced in
the coil of the motor by rotation of the rotor. 65
The envelope 34 could be produced by filtering the
voltage U22 1n a low-pass filter. The output signal of the
filter could be amplified in an amplifier, the gain of

- ing circuit 11 (see FIG. 4) for supplying a voltage U,
-which 1s proportional to U, on the basis of equation (9)
- above,

In FIG. 9, the resistor 18 for measuring the current
flowing in the motor (not shown in FIG. 9) and the
amplifier 20, the output voltage of which is an image of
that current, are identical to the resistor 18 and the
amplifier 20 in FIG. 6.

The output of the amplifier 20 is connected by way of
a transmission gate 61 to a first terminal of a capacitor
62 having a capacitance C62, and to the non-inverting
input of a differential amplifier 63. The second terminal
of the capacitor 62 is connected to the ground of the
circuit.

The output of the amplifter 63 is connected to its
inverting input. The gain of that amplifier is therefore
equal to one. Its output is also connected, by way of two
transmission gates 64 and 65, to the first terminals of
two capacitors 66 and 67, having capacitances C66 and
Cé67.

The second terminal of the capacitor 66 is connected
by way of a transmission gate 68 to the terminal + U, of
the power supply source, and the second teminal of the
capacitor 67 is connected to the output of the amplifier
20 by way of a transmission gate 69.
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The first terminal of the capacitor 66 and the second
terminal of the capacitor 67 are connected to a first
output terminal of the circuit, denoted by B1, by way of
transmission gates 70 and 71 respectively. The second
terminal of the capacitor 66 and the first terminal of the
capacitor 67 are connected to a second output terminal
of the circuit, denoted by B2, by way of transmission
gates 72 and 73 respectively.

The gates 61 and 70 to 73 are controlled together by
a signal denoted by C1, and the gates 64,65,68 and 69
are controlled together by a signal denoted by C2.

The signal C1 and C2 which can be supplied for
example by the circuit 8 in FIG. 4 and which are shown
in FIG. 10 are of identical periods of 0.5 milliseconds
for example and of durations which are also identical
and which are short with respect to their period, for
example 30 microseconds. Each of them appears in the
middie of the period of the other. FIG. 7 can also be
referred to, for understanding the mode of operation of
the circuit shown in FIG. 9.

When, at a moment ty, the signal C1 switches the gate
61 into its conducting state, the capacitor 62 1s charged
to the voltage U, which is proportional to the current i
flowing in the coil at that moment. The voltage Uy
appears at the output of the amplifier 63. The function
of the gates 70 and 73 which are also put into a conduct-
ing condition at that moment will be discussed hereinaf-

ter.
At the moment t;, the signal C2 switches the gates
- 64,65,68 and 69 into their conducting condition. The

- voltate U, which is stored by the capacitor 62 and the

~.. amplifier 63 is therefore applied to the first terminal of
© the capacitors 66 and 67. At the same time, the voltage

U, is applied to the second terminal of the capacitor 66
and a voltage which is proportional to the current flow-
. ing in the coil of the motor at that moment t; is applied

- to the second terminal of the capacitor 67. As the time

At between the moments ty and ty is short, that voltage
" can be considered as being the voltage Uy in FIG. 7. At
~ that moment ty, the capacitor 66 is therefore charged to
‘a voltage U66= U,— Uy and the capacitor 67 1s charged
to a voltage U67=Ux—U),.
The charges Q66 and Q67 stored in that capacitors
are therefore respectively:

066 = C66(Uy— Us)

and

067=C67(Ux— Uy)

The following pulse C1 switches the gates 70 to 73
into their conducting states. During that pulse C1, the
capacitors 66 and 67 are therefore connected in parallel
with the output terminals B1 and B2 of the circuit. The
voltage U;,; which then appears at those terminals is
equal to:

7oy = 200 1+ O67 (10)
ml = "C66 + C67
| 1
Cee + Cor [C66(Ua — Ux) + C67(Ux — Up)]

If the capacitors 66 and 67 are so selected that
C66=C67(At/7), the equation (10) above can be written
as follows: |
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(11)
At
T

Unt =

+Ux—Uy:|
1 +

— I:(Ua ~ Uy

P

The expression between brackets i1s proportional to
the voltage U,x (see equation (9) above). The voltage
U1 is therefore also proportional to U,,.

It should be noted that, with that circuit, the voltage
U1 which is representative of the voltage U,induced at
the moment t, in the coil by rotation of the rotor ap-
pears at the output of the circuit only at a moment
tx+2At. That delay does not cause difficulties since At
is short.

It should also be noted that one or other of the output
terminals B1 and B2 can be connected to the ground of
the circuit, without changing the mode of operation
thereof.

In the circuit shown in FIG. 6, the accuracy of the
measured value depends directly on the accuracy of the
values of the resistor 24 and the capacitor 235. It is well
known that, in mass production, it is difficult to achieve
a high degree of accuracy in such components. The
circuit shown in FIG. 9 does not suffer from that disad-
vantage. The accuracy of the measured voltage depends
only on the ratio between the capacitances of the capac-
itors 66 and 67. Now, even in large-scale mass produc-
tion, that ratio can be guaranteed, with a high degree of
accuracy.

However, the circuit shown in FIG. 9 suffers from
another minor disadvantage, like the circuit shown in
FIG. 6. For the purposes of making the above-indicated
calculations and for following through the above-
indicated lines of reasoning, it was assumed that the
transistors 14 to 17 of the motor control circuit (see
FIG. 6) do not have any internal resistance when they
are in a conducting condition. In actual fact, the internal
resistance of the transistors is not zero and the asymp-
tote of the exponential curves such as the curve 28 in
FIG. 7 is not disposed at the ordinate U, but at an ordi-

nate

Ug
— 2RT " TSRT -

Usd = Ug

In that expression, R represents the value of the measur-
ing resistor 18, and R rrepresents the sum of the inter-
nal resistances of the transistors when conducting. As
such resistances differ from one transistor to the other
and are also variable in dependence on the current flow-
ing through the transistors, the above-indicated value
U, cannot be determined with precision.

The error in respect of measurement of the value of
the voltage induced by rotation of the motor, which is
caused by replacing U, by U, is not very serious. None-
theless, FIG. 11 shows the diagram of a third measuring
circuit which eliminates that source of error.

All the components described with reference to FIG.
9 are also to be found in FIG. 11, except for the gates 68
and 72 which do not appear in this circuit diagram. In
addition, the second terminal of the capacitor 66 and the
output terminal B2 are directly connected to ground.

The output terminal B1 of the circuit shown in FIG.
9 is connected to the inverting input of a differential
amplifier 74. The non-inverting input of the amplifier 74
is connected to ground. The output of the amplifier 74
is connected to its inverting input by way of a capacitor
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7S connected in paraliel with a transmission gate 76.
The output of the amplifier 74 is also connected through
a transmission gate 77 to the non-inverting input of a
differential amplifier 78. A capacitor 79 and a transmis-
sion gate 80 are connected in paraliel between the non-
inverting input of the amplifier 78 and ground.

The output of the amplifier 78 forms in that example
the output of the measuring circuit 11. That output is

connected to the inverting input of the amplifier 78 by
way of a resistor 81 and to the ground of the circuit by
way of a resistor 82.

‘The non-inverting input of the amplifier 78 is also
connected by way of a transmission gate 83 to the non-
inverting mput of a differential amplifier 84. A capacitor
85 and a transmission gate 86 are connected in parallel
between the input of the amplifier 84 and ground.

The output of the amplifier 84 is connected to its
inverting input and the gain of that amplifier is therefore
equal to one. Its output 1s also connected by way of a
transmisston gate 87 to a first terminal of a capacitor 88.
The other terminal of the capacitor 88 is connected to
ground. Finally, the first terminal of the capacitor 88 is
connected by way of a transmission gate 89 to the in-
verting input of the amplifier 74.

The transmission gates 77 and 89 are controlled by
the above-described signal C1 at the same time as the
gates 61, 70,71 and 73. The gates 76 and 87 are con-
trolled by the signal C2 which is also described above,
like the gates 64, 65 and 69. The gates 80 and 86 are
controlled by a signal C3 which may be supplied for
example by the circuit 9 for controlling the motor 10
and which i1s at logic state “0” during the driving pulses
and at logic state “1” for the rest of the time. The gates
80 and 86 are therefore conducting between the driving
pulses and non-conducting during the driving pulses.
Finally, the gate 83 is controlled by a signal C4 which is
normally at logic state “0” and which goes to logic state
“1” for a few microseconds about 1 millisecond after
the beginning of the driving pulse. The signals C3 and
C4 are also shown in FIG. 10.

The mode of operation of the circuit between the
output of the amplifier 20 and the terminal B1 is identi-
cal to that of the circuit shown in FIG. 9. However,
because the second terminal of the capacitor 66 is con-
nected to the ground of the circuit and not to the voli-
age U, the capacitor 66 is charged to the voltage — Uy
and not the voltage (U;—Uy) in response to the signal
C2. The expression for the charge Q66 therefore be-
comes:

(66=C66 (— Ux)

Above-indicated equation (11) in which the term U,
1s replaced by zero shows that the voltage U, which
would appear at the terminal Bl in response to the
signal C1 if the elements 74 to 89 did not exist would be

as follows:

(12)
Um =

1 At
';'T(-Ux z +U-==-Uy)
+ =

Comparison between that equation (12) and equation
(11) above shows that:
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It should be noted that, as long as the rotor is station-
ary, that is to say, between the driving pulses and at the
beginning thereof, the voltage U, is zero. The voltage
Umar which would appear at the terminal B1 under
those conditions would therefore be as follows:

1 y, Al (13)

At T
1 + =

Umar = —

‘The mode of operation of the circuit formed by the
components 74 to 89 is as follows:

Between the driving pulses, the signal C3 is at “1”,
The capacitors 79 and 85 are therefore short-circuited
by the gates 80 and 86 which are conducting. The out-
put of the amplifier 78, which is output of the measuring
circuit, and the output of the amplifier 84, are at ground
potential.

The capacitor 88 is discharged since the output of the
amplifier 84 which is connected to ground is connected
thereto at each pulse C2 by the gate 87.

At each pulse C2, the capacitor 75 is also discharged
by the gate 76 which short-circuits it. Immediately after
each of the pulses C2, the output of the amplifier 74 is
therefore also at ground potential.

A moment At after each of the pulses C2, a pulse C1
switches the gates 70, 71, 73, 77 and 89 into a conduct-
ing condition. The sum of the charges contained at that
moment in the capacitors 66, 67 and 88 is therefore
transferred into the capacitor 75. The voltage U75 at
the terminals of the capacitor 75 would then be:

= —(Q664- 067+ O88/C75)

if the gate 80 were not conducting. The sign — which
appears in the foregoing equation is because the termi-
nal B1 is connected to the inverting input of the ampli-

ﬁer 14.
In actual fact, the voltage U75 remains zero as long as

'.the signal C3 1s at state “1” and the charges Q66 and -

Q67 are transmitted to ground by way of the gate 80.
The charge Q88 on the capacitor 88 is in any case zero
at that moment. The output of the amplifier 78 therefore
remains at ground potential.

At the beginning of each driving pulse, the 31gnal C3
goes to state “0” and remains at that state. The gates 80
and 86 are therefore non-conducting.

The above-described procedure starts again at the
first pulse C1 following the beginning of the driving
pulse but this time the capacitor 79 is charged to the
above-defined voltage U75. The gate 83 is still non-con-
ducting, with the result that the output voltage of the
amplifier 84 does not change and the capacitor 88 re-
mains discharged. The voltage U75 referred to above
therefore becomes equal to:

U715 = — (0664 067/CI5)

As QGG=C66 ('—" Ux) and Q67= Cé67 (Ux""" Uy), the
foregoing expression can be written as follows:
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C66(— Uy) + C67(Uy — Uy)
Us = — —————r——"—

At the moment D of the last pulse C1 preceding the
pulse C4, the value of the voltage U7S 1s:

C66(— Uxp) + C67(Uxp — Uyp)
Ubp= —————¢&5 —
in which Uxpand Ujpare the values of Uyand Uyat the
moment D.

The pulse C4 is produced approximately one millisec-
ond after the beginning of the driving pulse, at a mo-
ment at which the rotor is still stationary. The pulse C4
briefly opens the gate 83. The capacitor 85 is therefore
charged to the voltage U75D which also appears at the
output of the amplifier 84. The pulse C2 following the
pulse C4 opens the gate 87 and the capacitor 88 1s there-
fore also charged to the voltage U75D. The electrical
charge Q88 on the capacitor 88 therefore becomes equal
10:

Uy 67(U,p — U
088 — — C88 C66(— Uxp) +c$5 (Uxp — Uyp)
It should be noted that the capacitor 83 in practice
remains charged at the voltage U75 as long as the gate
- -86 is non-conducting if the input resistance of the ampli-
--fier 84 1s high, which is the case. The subsequent

~ changes in the output voltage of the amplifier 74 no
- longer have any influence on that voltage since the gate

83 is again permanently non-conducting.

On each following pulse C1, the capacitor 88 is dis-
charged into the capacitor 75 at the same time as the
capacitors 66 and 67. The charge on the capacitor 75
- therefore becomes:

Q75 =066+ Q67+ ()88

~ It should also be noted that, at each pulse C2, the
capacitor 88 1s charged again to the voltage U75D
which 1s stored by the capacitor 85.

At any moment after the pulse C4, 1t 1s therefore
possible to write the following:

Q75 = C66(—Uy) + C61(Ux — Uy) —

C66(— Uxp) + C6T(Uxp — Uyp)

C88 75

If C88=C75, and if, as above, C66=C67 (A?/7), that
equation becomes:

At
T

075 = C67 (-mUx—-‘%_-{-— + Uy — Uy + Usp

— Uxp + UyD)

The voltage U7S5, which 1s equal to (Q75/C75), can
therefore be written as follows:

(14)

C67 Ar At '
Uls = -a—g—("UxT + Ux ~ Up + pr-—-;- ~ UxD + pr)

‘The voltage U7S is independent of the voltage U, or
the voltage U,'. In addition, it is proportional to the
voltage U,x induced in the coil of the motor at the mo-

4,568,867

10

15

20

25

30

35

40

45

50

55

60

65

16

ment t, by rotation of the rotor. In fact, at the moment
D defined hereinbefore, the voltage U,,2 given by equa-
tion (12) is written as follows:

At

1
At (Ux T

I+‘r

Upr = — — Uxp + UyD)

Equation (14) above can therefore be written as fol-
lows:

At
.

ey

) o]

The rotor being stationary at the moment D, the
voltage U, 1s equal to the voltage U,2- defined by the
above equatton (13).

By replacing the term U, in equation (15) by the
value of Upp, taken from equation (13) that equation
(15) can be written as follows:

+Ux—Uy—(I—]—

(16)

073 =-g7‘—f’-;’-(-vx-%_-’— f Ue— Uy + Ua_gs_)

Comparison of equation (16) with equation (11)
shows that:

. 67 Az
WS——-—ms (l +__—T ) Uri

With the voltage U,,; being proportional to the volt-
age U,y, the voltage U7S i1s also so proportional.
If the capacitance C75 is made equal to

C67(l +—-‘9§-—) ,

It 1s clear however, that a different ratio may be se-

lected between the capacitance C75 and the capaci-
tances C67 and C88. Likewise, the gain of the amplifiers
74 and 84 can be different from one. In any case, the
voltage U75 will remain proportional to U,,; and there-
fore to the voltage U,y induced at the moment ty in the
coil of the motor by rotation of the rotor.

It should be noted that, since the non-inverting input
of the amplifier 75 is connected to ground, the capaci-
tors 66, 67 and 88 are completely discharged into the
capacitor 73 upon each pulse C1. At each pulse C2, the
capacitor 75 is short-circuited by the gate 76 and the
above-calculated voltage U7$ falls back to zero. The
capacitor 79 which is charged to the voltage U7S5 at
each pulse C1 is provided for storing that voltage be-
tween two successive pulses Cl. The wvoltage U7S
stored by the capacitor 79 1s amplified by the amplifier
78 by a factor which may be freely fixed by selection of
the ratio between the values of the resistors 81 and 82.
The output voltage U78 of the amplifier 78 is also pro-
portional to the voltage U, and may therefore form the
voltage U, applied to the comparison circuit 12 in FIG.
4. The reference voltage U which 1s applied in that
case to the circuit 12 must obviously be selected in
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accordance with the characteristics of the various com-
ponents of the circuit shown in FIG. 11, in particular
the capacitances of the various capacitors and the gains
of the amplifiers.

FIG. 12 shows an example of a circuit for performing
the function of the circuit 9, 12 and 13 shown in FIG. 4.
In this example, the circuit 12 is formed by a separate
source or by a simple voltage divider connected to the
terminals of the source supplying power to the entire
circuit.

In FIG. 12, the control circuit 9 for controlling the
motor 10 comprises the transistors 14 to 17 described
with reference to FIG. 6. It further comprises a D-type
flip-flop 42, the clock input Ck of which is connected to
the output S8 of the circuit 8 shown in FIG. 4. The D
input of the flip-flop 42 is connected to its inverted
output Q¥ so that it changes state whenever the signal
S8 goes from logic state “0” to logic state “1”. The
direct output Q of the flip-flop 42 is connected to a first
input of an AND-gate 43, the output of which is con-
nected to the gates of the transistors 14 and 16. The Q*
output of the flip-flop 42 is connected to a first input of
an AND-gate 44, the output of which is connected to
the gates of the transistors 15 and 17.

The control circuit 9 further comprises a D-type
flip-flop 43, the clock input Ck of which is connected to
the output S8 of the circuit 8 by way of an inverter 58.

- The D input of the flop-flop is permanently at logic
state “°1” and the Q output thereof is connected to the
second input of the gates 43 and 44.

The calculating circuit 13 comprises a flip-flop 46
which 1s also of D type and the clock input Ck of which
1s connected to the output S8 of the circuit 8, while the
D input thereof is permanently at logic state “1°°. The Q
and Q* outputs of the flip-flop 46 are respectively con-
nected to the first inputs of two AND-gates 47 and 48,
the second inputs of which are both connected to the Q
output of the flip-flop 45.

The resetting input R of the flip-flop 46 is connected
to the output of the differential amplifier 41.

Three transmission gates 49, 50 and 51 have their
~ control inputs respectively connected to the outputs of
the gates 47 and 48 and to the Q* output of the flip-flop
45. The gates 49, 50 and 51 are similar to the gate 21 in
FIG. 6. When their control input is at logic state “0”,
they are in their non-conducting condition while when
their control input is at logic state “1”°, they are in their
conducting condition.

The gate 49 is connected between the positive termi-
nal + U, of the power source and a resistor 52 having a
resistance RS52.

The gate 50 is connected between the negative termi-
nal — U, of the power source and a resistor 53 having a
resistance RS3.

Finally, the gate 51 is connected between a voltage
Up which will be defined hereinafter and a resistor 54
having a resistance R54.

- The second terminals of the the resistors 52, 53 and 54

are connected together and to the inverting input of a
differential amplifier 55, the non-inverting input of
which 1s connected to a given voltage, which is that of
ground in the present example.

A capacitor 56 having a capacitance C56 is connected
between the common point of the resistors 52 to 54 and
ground.

The output of the amplifier 55 is connected to a first
“Input of an AND-gate §7, the second input of which is
connected to the Q* output of the flip-flop 46. The
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output of the gate 57 is connected to the resetting input
R of the flip-flop 48. |

The mode of operation of this circuit will now be
described with reference to the diagram shown in FIG.
13. In the rest condition, the Q outputs of the flip-flops
45 and 46 are at state “0”, The outputs of the gates 43,
44, 47 and 48 are therefore also at *“0”, The transistors
14 and 15 are therefore conducting, which short-cir-
cuits the coil of the motor 10. The transistors 16 and 17
are non-conducting. The gates 49 and 50 are non-con-
ducting while the gate 51 is put into its conducting
condition by state “1” present at the Q* output of the
flip-flop 45.

The voltage US6 at the terminals of the capacitor 56
1s therefore equal to the voltage U,. If that voltage is
positive, as in this example, the outputs of the amplifier
5§ and the gate 57 are at “0”,

If the voltage Up is negative, the output of the ampli-
fier 35 and the output of the gate 57 are at “1”, |

As the rotor of the motor 10 is stationary, the voltage
U22 is zero and the output of the amplifier 41 is at “0”.

For the purposes of the present explanation, it will be
assumed that the Q output of the flip-flop 42 is at “0” for
the moment and that the output signal S8 of the circuit
8 goes to state “1” for a few microseconds whenever the
motor 1s to advance by one step.

As soon as the signal S8 goes to state “1”, at the
moment t0, the Q outputs of the flip-flops 42 and 46 go
to state “17,

The output of the gate 57 therefore goes to state “0”,
even if the output of the amplifier 55 is at state “1” at
that moment.

When the signal S8 goes to “0’” again, a few microsec-
onds later, the Q output of the flip-flop 45 also goes to
state “1”.

The output of the gate 43 therefore also goes to state
“1”, The transistor 14 is non-conducting and the transis-
tor 16 1s switched mto the conducting condition. The
current 1 begins to flow in the coil of the motor 10,
through the transistors 15 and 16. The voltage at point
19 begins to rise and to act on the measuring circuit 11,
as described above with reference to FIGS. 6, 9 or 12.

At the same time, the Q* output of the flip-flop 45
goes to state “0”, which causes the gate 51 to become

_non-conducting. The output of the gate 47 goes to state
-1, which switches the gate 49 into a conducting con-

dition. The voltage + U, is therefore applied to the
capacitor 56 by way of the resistor 52 and the voltage
US6 begins to rise on an exponential curve having a
time constant 71 which ist determined by the product
R52.C56. In order to simplify the drawing, the variation
in the voltage US6 is shown in FIG. 13 as a linear varia-
tion.

When, at moment tg, the voltage U22 exceeds the
threshold voltage Us', the output of the amplifier 41
goes to state “1”, The Q output of the flip-flop 46 there-
fore goes back to state “0”, which causes the gate 49 to
become non-conducting. The value Uy attained by the
voltage US6 at the moment ts depends on the time T2
taken by the induced voltage U, to reach the threshold
voltage U, on the value of the voltage Uy and on the
time constant 71. |

At the same moment {4, the Q* output of the flip-flop
46 goes to state “1”, which switches the gate 50 into a
conducting condition. The voltage —U, is therefore
now applied to the capacitor 56 by way of the resistor
53. The voltage US6 therefore begins to fall, from the
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value U,y with a time constant 72 which is determined
by the product R353-CS56. |

When, a moment t;, the voltage Ud6 becomes equal to
a given voltage which is the voltage of ground in the
present example, the output of the amplifier 85 goes to
state ‘17, which switches the flip-flop 45 nto its rest
condition, that is to say, with its Q output at “0” and its
Q* output at “1”. The output of the gate 43 therefore
goes back to state “0”, which switches the transistor 16
into a non-conducting condition and causes the transis-
tor 14 to conduct. The current i is therefore interrupted
and the rotor of the motor terminates its stepping mo-
tion by virtue of its inertia and by virtue of a part of the
energy which is stored in the form of magnetic energy
in the inductance of the coil. The rotor is braked by the
short-circuit which occurs through the transistors 14
and 15.

The time T3 taken tythe voltage US6 to become equal
to zero depends on the voltage Ugthat it has attained at
the moment t; and on the time constant 72.

The duration T1 of the driving pulse is equal to the
sum of the durations T2 and T3. As T3 depends on the
voltage Uy and as that voltage Uy itself depends on the
duration T2, it will be seen that the duration T1 directly
depends on the time T2 taken by the voltage U,induced
in the coil of the motor by rotation of the rotor to reach
a predetermined value Us.

As the duration TO01 of the driving pulse required to
- cause the motor to rotate without load, the time T02
- taken by the induced voltage U, to reach the value Us

~ when the motor is also without load, and the coefficient
. a and b of the straight lines which represent the varia-
- tion in dependence on the lead of the motor of the

duration of the driving pulse and of the time taken by
the voltage U, to reach the threshold U are known by
- means of tests, as described hereinbefore, it is easy to

. determine the time constants 71 and 72 and the voltage

. Upin such a way as to verify the above-mentioned rela-

tionship (1). It is therefore in the form of those parame-

~ters 71, 72 and Uy that the constants k and K in the
- relationship (1) are introduced in the present embodi-
ment of the calculating circuit 13. The voltage Uy can
be selected as a negative voltage, if necessary, to take
account of the sign of the constant K.

At the moment t;, the state “0” of the Q output of the
fhip-flop 45 causes the gate 50 to be 1n a non-conducting
condition. The state “1”’ of the Q* output of the flip-flop
45 switches the gate 51 into a conducting condition.
The voltage Upis therefore again applied to the capaci-
tor 56 through the resistor 54. The voltage US6 there-
fore rises again until, after a certain period of time, it
reaches the voltage Us,. |

As soon as the voltage US6 becomes positive again,
the output of the amplifier §5 goes back to state “0”.
That output therefore remains at state “1” omnly for a
very short time.

A certain time after the moment tg4, the voltage U22
falls back below the voltage U;. The output of the
amplifier 41 therefore goes back to state “0’’. That per-
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iod of time, which does not play any part in operation of 60

the circuit, depends on the mechanical load which is
driven by the motor and the value of the voltage Uy
When the signal S8 goes again to “1”, the above-
described procedure begins again, with the only differ-
ence that this time, it is the Q* output of the flip-flop 42
and therefore the output of the gate 44 which go to state
“1”, The transistor 15 becomes non-conducting and the
transistor 17 conducting, causing the current 1 to flow in
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the direction opposite to its direction of flow in the
previous situation.

FIG. 14 shows another embodiment of a circuit for
performing the function of the calculating circuit 13
shown in FIG. 4.

The circuit shown in FIG. 14 comprises a D-type
flip-flop 91, the clock input Ck of which receives the
output signal S8 of the circuit 8 shown in FIG. 4. The D
input of the flip-flop 91 i1s permanently at logic state “1”,
Its Q output is connected to the U/D input of an up-
down counter 92. The logic state “1” or “0” of that
input U/D determines whether counter 92 1s incre-
mented or decremented by pulses it receives on its input
Ck as described hereinafter. The counter 92 i1s also
preselectable, which means that, in response to a pulse
at a control input C, the content thereof assumes a value
which is determined by logic states “0” or “1” which
are applied to preselection inputs generally denoted by
P,

The control mput C of the counter 92 1s also con-
nected to the output S8 of the circuit 8 and its inputs P
are connected, 1in a fixed or modifiable manner which
will be described hereinafter, to the potentials repre-
senfing logic states “0” and “1”.

The clock input Ck of the counter 92 1s connected to
the output of an OR-gate 93, the inputs of which are
respectively connected to the outputs of two AND-
gates 94 and 95.

The inputs of the gate 94 are respectively connected
to the Q output of the flip-flop 45 in FIG. 12 (not shown
in FIG. 14), to the Q output of the flip-flop 91 and to a

circuit (also not shown) which supplies a periodic signal

at a frequency fl. That circuit may be the circuit 8
shown in FIG. 4 and the frequency f1 is selected in a
manner to be described hereinafter.

The inputs of the gate 95 are respectively connected
to the Q output of the flip-flop 45, the Q* output of the
flip-flop 91 and to a circuit which may also be the cir-
cuit 8 shown in FIG. 4 and which produces a periodic
signal at a frequency {2, the choice of which will also be
described hereinafter.

The outputs of the counter 92, which are generally
denoted by S, are connected to a detecting circuit 96,
the output of which is at state “1” when the content of
the counter 92 i1s equal to zero. The circuit 96 may be
simply formed by an inverted OR-gate, each input of
which 1s connected to an output of the counter 92.

The output of the circuit 96 is connected to an input
of an AND-gate 97, the other input of which 1s con-
nected to the Q* output of the flip-flop 91.

Finally, the output of the gate 97 1s connected to the
resetting input R of the flip-flop 45 shown in FIG. 12
(but not shown 1n FIG. 14).

The mode of operation of this circuit, which is illus-
trated in FIQG. 15, is as follows:

When the signal S8 goes to state “1”, the content N of
the counter 92 assumes a value N; which 1s imposed
thereon by the state of its inputs P. At the same time, the
Q output of the flip-flop 91 goes to state “1”.

When, at the end of the pulse S8, the Q output of the
flip-flop 45 goes to state “1”, the pulses at a frequency {1
pass through the gates 94 and 93 and begin to increment
the content of the counter 92, starting from the value N;
that the counter content assumed in response to the
signal S8.

At the end of the period of time T2, the induced
voltage measured by the circuit 12 reaches the value of
the reference voltage and the output S12 goes to state
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“1”. The Q output of the flip-flop 91 therefore goes to
state “0” and its Q* output goes to state “17,

The value Ny of the content of the counter 92 at that
moment depends on the time T2’ taken by the induced
voltage U, to reach the threshold voltage U;, the initial
value N; assumed by the content of the counter 92 in
response to the signal S8, and the frequency fl.

With the Q* output of the flip-flop 91 being main-
tained at state “1”, the pulses at a frequency f2 pass
through the gates 95 and 93 and begin to decrement the
content of the counter 92, from the above-indicated
value Ng. |

When the content of the counter 92 reaches the value
zero, the output of the detecting circuit 96 and the out-
put of the gate 97 go to state ““1”, which sets the Q
output of the flip-flop 45 to “0”. The driving pulse
which had begun at the end of the signal S8 is thus
interrupted.

The time T3’ taken by the counter 92 to reach the
state zero depends on the value Ny which is reached by

the counter content at the moment at which the output
S12 of the circuit 12 goes to state ““1”’, and the frequency

f2.

In a similar manner to the situation shown in FIG. 13,
the duration T1’ of the driving pulse is equal to the sum
of the durations T2’ and T3'. As the duration T3’ de-
pends on the value Ny and as that value Ny itself de-
- pends on the duration T2, the duration T1’ of the driv-
ing pulse depends directly on the time T2' taken by the
voltage U, induced in the coil of the motor by rotation
of the rotor to reach the predetermined value Us.

In this case, the frequencies f1 and {2 play the part of
the time constants 71 and 72 of the embodiment shown
in FIG. 12, and the initial value N; plays the part of the
voltage Usy.

The frequencies f1 and f2 and the initial value N;must
therefore be determined by the same tests as those re-
quired for determining the time constants 71 and 72 and
the voltage Up in the embodiment shown in FIG. 9, in
order for the above-mentioned relationship (1) to be

- - vertfied. It 1s in the form of the frequencies f1 and f2 and

~the 1nitial value N;that the constants k an K of relation-
ship (1) are introduced in this embodiment of the calcu-
lating circuit 13.

If necessary, depending on the sign of the constant K
a negative initial value N;should be introduced into the
counter 92. As the value of the content of a counter is
always a positive number, in this case an initial value N/
which is equal to the difference between the counting
capacity of the counter 92 and the absolute value of N;
must be introduced into the counter.

In this case, the content of the counter 92 passes
through zero after N;pulses at a frequency f1 have been
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However, these difierences in the mode of perform-
ing the invention would not constitute a departure from
the scope thereof.

It should also be noted that it would be possible for
the relationship (1) between the minimum duration of
the drive pulse and time T2 taken by the voltage U, to
exceed the threshold voltage U not to be linear. How-
ever, even in that case, it could be defined by a few
tests.

The calculating circuit 13 would simply have to be
designed in such a way as to perform the desired func-
tion.

What we claim is:

1. A method for determining the voltage induced in a
stepping motor winding by the rotation of the stepping
motor rotor comprising:

determining the actual current flowing through said

winding;

determining the theoretical current which would

flow through said winding at a second instant if

said induced voltage were zero since a first instant
anterior to said second instant, said first and second

instants being separated by a determined time inter-
val; and

determining the difference between said theoretical
current and the actual current at said second in-
stant;

whereby said difference is proportional to the value
of said induced voltage at said first instant.

2. The method of claim 1 wherein said theoretical
current and said difference are periodically determined
with a period equal to or longer than said time interval.

3. The method of claim 1 wherein said actual current
1s determined by producing a first voltage proportional
to said actual current, said theoretical current is deter-
mined by producing a second voltage the value of
which increases exponentially between said first and
second instants from a value equal to the value of said
first voltage at said first instant with a time constant
equal to the time constant of said winding, and produc-
ing a third voltage the value of which is equal to the

~ difference between the values of said second and first

45

50

received by its input Ck. However, as the Q* output of ;55

the thp-flop 91 is still at state “0” at that moment, the
signal “1” supplied by the output of the circuit 96 is
blocked by the gate 97. The drive pulse is therefore not
interrupted at that moment.

It will be appreciated that the above-described circuit
only constitute examples of circuits for carrying the
invention into effect. Other circuits for measuring the
voltage U,could be designed. Likewise, the information
provided by the measurement operation could be uti-
lised in a different manner. Finally, even where the
above-mentioned information is supplied by the time
taken by the voltage U, to exceed a given threshold U,
the calculating circuit 13 could be of a different design.

60
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voltages at said second instant said third voltage being
proportional to said difference.

4. A method for determining the voltage induced in a
stepping motor winding by the rotation of the stepping
motor rotor in response to a supply voltage applied to
said winding comprising:

producing a first voltage proportional to the current

flowing through said winding;

storing the value of said first voltage at a first instant;

producing a second voltage the value of which is

equal to the difference between said stored value
and the value of said first voltage at a second in-
stant subsequent to said first instant, said first and
second instants being separated by a determined
time interval:

producing a third voltage the value of which is equal

to the difference between the value of said supply
voltage and said stored value; and

producing a fourth voltage the value of which is

equal to the sum of said second voltage and of the
product of said third voltage by the quotient of said
time interval by the time constant of said winding;
whereby said fourth voltage is proportional to the
value of said induced voltage at said first instant.

5. The method of claim 4 wherein said storing and

said producing a second voltage are periodically per-
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formed with a period equal to or greater than said time
interval. |
6. A method for determining the voltage induced in a
stepping motor winding by the rotation of the stepping
motor rotor in response to a supply voltage applied to
said winding comprising:
producing a first voltage proportional to the current
 flowing in said winding;
sampling said first voltage at each instant of a plural-
ity of instants separated by a determined time inter-
val, said plurality comprising a first and a second
instant separated by said time interval, both situ-
ated between the application of said supply voitage
and the beginning of said rotation;
producing a correction voltage in accordance with
the following equation:

where:
U, is said correction voltage;
Uxp is said sampled voltage at said first instant;
U,p is said sampled voltage at said second instant;
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At is said time interval and
7 is the time constant of said winding; producing at
each instant of said plurality following said second
instant an uncorrected measuring voltage in accor-
dance with the following equation:

Uu=Ux( ir —1) + Uy

where:

U, is satd uncorrected measuring voltage;

U, 1s said sampled voltage at the instant preceding
immediately said each instant following said sec-
ond instant: and

U, is said sampled voltage at said each instant follow-
ing said second instant; and

producing at said each instant following said second
instant a corrected measuring voltage by subtract-
ing said uncorrected measuring voltage from said
correction voltage;

whereby said corrected measuring voltage 1s propor-
tional to said induced voltage at said instant pre-
ceding immediately said each instant following said

second instant.
%k : ¥ ¥
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